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^ (57) Abstract: An electrode assembly (SO) and an associated plasniaieactor system (10) and related m 

processing applications. The electiode assembly provides control of a plasma density profile (202) wittiin an interior region (30) 
of a plasma reactor chaniber (20). The decttode assembly includes an iqjper electrode (54) having a lower surface (54L), an upper 
© surface (54U) and an outer edge (54E) . The lower surface of the upper electrode faces interior region of the plasma chamber housing 
^ the plasma (200), and thus interfaces with Ac plasma. The electiode assembly further includes a s^piented electrode (60) arranged 
1^ proximate to and preferably substantially parallel with the upper surface of the upper electrode. The segmented electrode comprises 

^ two or more separated electrode segments (62a, 62b 62n), each having an upper and lower surface. Each electrode segment is 

^ spaced apart &om the upper electrode upper surface by a coiresonding controlled gap (Ga, Gb, Gn). The electrode assembly 
® may further include one or more actuators (110) attached to one or more electrode segments at the upper surface of the one or more 
Q electrode segments. Tlie actuators allow for movement of tbe one or more electrode segments to adjust one or more of the controlled 
gaps. The adjustable controlled gaps allow for controlling the sh^ of the plasma density profile wilfam the interior region of the 
^ chamber, diereby allowing for a desired plasma process lesuU. 
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SEGMENTED ELECTRODE ASSEMBLY AND METHOD FOR PLASMA PROCESSING 



This international application claims benefit of U.S. Application No. 60/1 75,284, filed 
January 10, 2000. 

The present invention relates to plasma processing, and more particularly pertains to 
electrodes associated with plasma processing apparatus and methods for controlling the 
plasma. 

BACKGROUND OF THE INVENTION 

In semiconductor manufacturing, plasma reactor chambers are used to remove or 
deposit material on a semiconductor substrate in the process of making integrated circuit (IC) 
devices. A key factor in obtaining the highest yield and overall quality of ICs is the 
unifonnity of the etching and deposition processes. 

A problem that has plagued prior art plasma reactors is the control of the plasma to 
obtain uniform etching and deposition. In plasma reactors, the degree of etch or deposition 
unifonnity is determined by the design of the overall system, and in particular the design of 
the electrodes used to create the plasma in the interior of the reactor chamber. 

One approach to improving etch and deposition unifonnity has been to use a 
segmented electrode. An exemplary prior art segmented electrode 700. is shown in FIG. 1. 
Segmented electrode 700 includes separate thick conducting electrode segments 704 
separated by an insulator 710, which is a single-piece shaped like a wheel with a hub. a rim, 
and spokes, and is housed in a chamber frame 714. The design of segmented electrode 700 is 
such that electrode segments 704 contact a vacuum region 720 on one side, and atmospheric 
pressure region 724 on the other side. This puts electrode segments 704 directly in contact 
with the plasma formed in vacuum region 720. In addition, each segment 704 of segmented 
electrode 700 has numerous conduits 734 through which a cooling fluid 740 must flow to 
cool the segments during operation. Further, segmented electrode 700 includes numerous gas 
feed lines 744 for introducing gas into vacuum region 720. Moreover, numerous seals 750 
are required between insulator 710 and electrode segments 704 to isolate vacuum region 720 



wo 01/52302 



PCT/USOl/00120 



10 



from atmospheric pressure region 724. Th. need for multiple gas lines and multiple sets of 
cooling lines significantly complicates the electrode and chamber design, and makes for a 
complex plasma reactor apparatus that is more susceptible to failures. 

With continuing reference to FIG. 1, insulator 710 serves to separate electrode 
segments 704 to minimize inter-electrode capacitance and cross talk. Typically, insulator 710 
needs to be cut or otherwise formed into a complex shape, which is expensive and difficult to 
manufacture. In addition, insulator 710 is typically fragile and thus prone to breaking 
because of the small size of the critical dimensions of the msulator. Even once it has been 
made, the insulator is prone to cracking because of mechanical stress that builds up at the 
relatively shaip comers. In addition, despite improvements in plasma unifonnity achieved 
with prior art segmented electrodes, sharp local changes in etch or deposition rate over the 
wafer, i.e., the "electrode pattern imprint," still occurs. 

There are several patents pertaining to segmented electrodes for use in plasma etch 
apparatus. For example, U.S. Patent No. 5,733,511, "Power distribution for multiple 
electrode plasma systems using quarter wavelength transmission lines", (the '511 patent) 
describes a multiple electrode plasma reactor power splitter and delivery system to provide 
balanced power to a plurality of powered electrodes by utilizing the properties of quarter 
wave length transmission lines. Each electrode is supplied power by a separate (2N+i );^/4 
wavelength cable, where N=0,l,2 .... connected to a common point at a load match 
network's output. The impedance transformation properties of these lines are also employed 
to convert the plasma load to one that is more efficiently matched into by a standard network. 
Also disclosed is a technique of splitting a single large active electrode into smaller active 
electrodes powered by the above distribution scheme in order to achieve maximum 
unifomiity of the reactive plasma throughout the working volume. However, a shortcoming 
of the apparatus described in the '51 1 patent is that the electrode segments are not driven by 
separate RF power sources, but the X/4 cables are all coraiected to a common point at the 
match network output, so that there is no means provided for control of individual segmems. 
Also, according to the Figures in '511 patent, it appears that the segmem electrodes are 
physically separate of each other, like that shown in FIG 1 herein, which leads to an 
excessively complex design and susceptibility to failure. 
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U.S. Patent No. 4,885,074, "Plasma reactor having segmented electrodes " (the '074 
patent) describes a plasma reactor for generating a uniform field of energized gas for plasma 
processing. A mechanism for mounting a workpiece is disposed within the reactor chamber 
so that a workpiece can be exposed to energized gas. A first electrode in the chamber is 
positioned in operative relationship to the workpiece mounting mechanism and a second 
electrode within the reactor is positioned to at least partially surround the first electrode. 
However, a shortcoming of the *074 patent is that the segment electrodes are ring shaped and 
do not provide azimuthal (circumferential) control of uniformity. Accordingly, an off-center 
peak etch-rate cannot be corrected with the electrode geometry of the '074 patent. 

U.S. Patent No. 5,006,760. "Capacilive Feed for Plasma Reactor^ (the '760), 
describes a capacitive feed for the lower electrode in a parallel plate plasma reactor. One 
plate of the capacitor comprises the lower electrode or a contact to the lower electrode. The 
other plate of the capacitor comprises an annular member insulated from the lower electrode, 
or the contact. There are no RF connections directly to the lower electrode. However, the 
movable electrode is not segmented and is not for (he purpose of altering the plasma density 
profile to account for etch or deposition non-uniformity. 

Accordingly, it would be much preferred to have a way of modifying the plasma 
density profile in a plasma reactor to achieve an improved etch, deposition or other plasma 
process uniformity without the design complexities and shortcomings associated with 
present-day segmented electrodes. In addition, it would be much preferred to have a w ay of 
controlling the plasma density profile to achieve a desired effect, even if it means creating a 
non-uniform plasma density profile. These non-uniform plasma density profiles are often 
required to accommodate non-uniformity created by previous non-uniform wafer processing 
steps. 

BRIEF SUMMARY OF THE INVENTION 

The present invention relates to plasma processing, and more particularly pertains to 
electrodes associated with plasma processing apparatus and methods for controlling the 
plasma. 
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A first aspect of the invention is an electrode assembly for providing a controlled RF 
electric field profile within a region capable of containing a plasma. The electrode assembly 
comprises an upper electrode having a lower surface, an upper surface and an outer edge. 
5 The region capable of supporting a plasma is adjacent the upper electrode lower surface. A 
segmented electrode is arranged proximate to and substantially parallel with the upper 
electrode upper surface, and comprises two or more separate electrode segments each having 
an upper and lower surface. Each electrode segment is spaced apart from the upper electrode 
upper surface by a corresponding controlled gap. 

10 

A second aspect of the invention is the electrode assembly as described above, , further 
including one or more actuators attached to one or more of the electrode segments at their 
upper surface. The actuators are for moving the one or more electrode segments to adjust one 
or more of the controlled gaps, thereby affecting the RF electric field and plasniS density 

15 profiles in the interior region containing the plasma on the opposite side of the upper 
electrode. The actuators are preferably electronic in nature, and are electronically connected 
to an actuator control system. Two or more electrode segment RF power supply systems are 
electronically connected to the respective two or more electrode segments through respective 
two or more electrode segment RF feeds. The system also includes a main RF power supply 

20 system electronically connected to the upper electrode through a main RF feed. Further 
included in the system is a main control system which controls the RF power supply systems, 
the actuator control system, and other subsystems of the plasma processing system. The main 
control system receives system operating parameters via a plurality of sense lines, for 
example, a chamber pressure sense line, a coolant temperature sense line, RF powers sense 

25 lines, impedance sense lines, etc. Also included is a database, electronically connected to the 
main control system, containing information pertaining to a plurality of system operating 
parameter values corresponding to a variety of plasma density profiles. 

A third aspect of the invention is an electrode assembly according to either the first or 
30 second aspect of the invention described above, further including first corrugations and first 
spaces on the lower surfaces of the electrode segments, and second corrugations and second 
spaces on the upper surface of the upper electrode, wherein the first corrugations are aligned 
with the second spaces. 
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A fourth aspect of the invention is a plasma reactor system comprising a plasma 
chamber having a lower wall and sidewalk, and a substrate support member having a support 
surface for supporting a substrate, the latter ananged adjacent the lower wall. The plasma 
reactor system further includes an electrode assembly according to either the second or third 
aspect of the invention, as described briefly above, arranged adjacent the substrate support 
member and within the chamber sidewalls such that the lower surface of the upper electrode 
and the substrate surface are substantially parallel and form, in combination with the chamber 
sidewalls, an interior region capable of containing a plasma. 

A fifth aspect of the invention is a method of adjusting the plasma density profile of a 
plasma contained in an interior region of a plasma reactor, so as to cause the plasma density 
profile to match or approach a desired plasma density profile. The method includes the steps 
of first, providing, adjacent the interior region, an electrode assembly according to the second 
aspect of the invention, as described above, with the upper electrode lower surface facing the 
interior region. The next step is operating the plasma reactor and creating a database 
comprising information relating to a plurality of parameters associated with a plurality of 
operating conditions corresponding to a plurality of different plasma density profiles. The 
next step is then determining the etch or deposition rate profiles by operating the plasma 
reactor to expose a substrate to the plasma and measuring the effect of the plasma on the 
substrate. The next step then involves using the database mentioned above and comparing 
the determined etch or deposition rate profiles to the desired etch or deposition rate profiles. 
The final step is then altering the determined etch or deposition rate profile to approach the 
desired etch or deposition rate profile by moving one or more electrode segments. 

A sixth aspect of the invention is a method of processing a substrate with a plasma 
having a density profile approaching a desired plasma density profile. The method includes 
the steps of first, providing the plasma reactor chamber as described above in connection witli 
the plasma reactor system of the fourth aspect of the invention. The next step involves 
providing one or more plasma gases into the interior region. The next step is then providing 
RF power to the upper electrode and to the two or more electrode segments so as to form in 
the interior region a plasma having an associated first plasma density profile. The next step is 
measuring the first plasma density profile. This can be done, for example, by exposing a 
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blanket wafer to the plasma and measuring the effect, for example etch or deposition rate. 
The next step is adjusting ore or r.iore of the two or more electrode segments relative to the 
upper electrode so as to alter the plasma density profile to form a second plasma density 
profile that matches or approaches the desired plasma density profile. Once the plasma 
profile is so adjusted, the next step involves placing a substrate in the interior region onto the 
substrate support member. The final step is then processing the substrate with the second 
(i.e., adjusted) plasma density profile to produce the desired effect on the substrate. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

FIG. 1 is a schematic cross-sectional diagram of an exemplary prior art segmented 
electrode as housed in a plasma reactor chamber; 

FIG. 2 is a schematic diagram of the plasma reactor system 10 according to the 
present invention; 

FIG. 3 is a cross-sectional schematic diagram of the reactor chamber of FIG. 2; 

FIG. 4A is a plan view of a generalized segmented electrode of the present invention 
with the upper electrode underneath, the electrode having n electrode segments and n RF 
power supply systems connected to respective electrode segments; 

FIG. 4B is a plan view of the segmented electrode according to a first embodiment of 
the present invention with the upper electrode underneath, wherein the segmented electrode is 
similar to that shown in FIG. 4A and has four symmetrically arranged electrode segments; 

FIG. 4C is a plan view of an alternate embodiment of the segmented electrode 
according to the present invention with the upper electrode underneath, wherein the electrode 
segments are circular; 

FIG. 5 is a schematic plot of exemplary RF electric field components perpendicular to 
the substrate surface, taken across the substrate surface {i.e.. along the substrate diameter) as 
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an illustration of a possible field non-uniformity created by the electrode assembly of FIG. 2, 
wherein U is the electric field due to the upper electrode alone, A is the electric field due to 
one of the electrode segments, B is the electric field due to an electrode segment opposite the 
aforementioned electrode segment, and D is the combined electric field due to the upper 
electrode and the electrode segments; 

FIG. 6 is a first schematic diagram of the control system and plasma reactor chamber 
according to the present invention; 

FIG. 7 is a second block schematic diagram of the control system according to the 
present invention showing the various inputs and outputs of the control system; 

FIG. 8 is a schematic diagram of a ponion of an electrode assembly according to a 
second embodiment of the present invention, which includes a corrugated segmented 
electrode and a corrugated upper electrode; 

FIG. 9 is a schematic cross-sectional diagram of a third embodiment of the electrode 
assembly according to the present invention, including a segmented electrode similar to the 
segmented electrode in FIGS. 2 and 3B, but without actuators; and 

FIG. 10 is a schematic cross-sectional diagram of a portion of an electrode assembly- 
according to a fourth embodiment of the present invention, which includes a solid dielectric 
layer provided between one or more of the electrode segments and the upper electrode. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention relates to plasma processing, and more particularly pertains to 
electrodes associated with plasma processing apparatus and methods for controlling the 
plasma. 

In the present specification, the terms "profile" and "distribution'* are used 
interchangeably, since they are the same and mean distribution of the plasma density or 
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plasma process rate over the substrate (wafer) surface. Further, it will be apparent to one 
skilled in the art that the present invention is applicable to a variety of plasma processes, 
including etch and deposition. 

Plasma Reactor Apparatus 

With reference now to FIGS. 2A, plasma reactor system 10 of the present invention 
comprises a plasma chamber 20 with an upper wall 22, a lower wall 24, side walls 26 and an 
interior region 30 capable of containing a plasma. System 10 further includes within interior 
30 of chamber 20 adjacent lower wall 24 a substrate support member 34 with a support 
surface 34S for supporting a substrate 40. Support member 34 serves as a lower electrode. 
System 1 0 also includes, within chamber 20 adjacent upper wall 22, an electrx)de assembly 50 
comprising a unitary upper electrode 54 having an upper surface 54U and a lower surface 
54L; and a segmented electrode 60 having an upper surface 60U, e lower surface' 60L, a 
center edge 60C and an outer edge 60E. Segmented electrode 60 comprises two or more 
electrode segments 62a, 62b,... 62n, as shown in FIG. 4A, one or more of which are, in a 
preferred embodiment, independently movable. Electrode segments 62a, 62b, ...62n are 
preferably planar or substantially so. 

For ease of illustration and discussion, only four wedge-shaped electrode segments 
62a-62d are shown in FIG. 4B. and only two electrode segments 62a and 62b are visible in 
the cross-sections of FIGS. 2 and 3. However, il will be understood by those skilled in the art 
that other shapes for electrode segments 62a, 62b,... 62n are possible, such as circular 
electrode segments 63a-63d (FIG. 4C). The particular shape of the electrode segments and 
the number of segments will depend on the desired form of the RF electric field formed in 
interior region 30, and the required capacitive coupling area. Because of the complex nature 
of the fields associated with plasma processing apparatus such as system 10, the optimum 
number, shape and arrangement of electrode segments to produce a given field may best be 
deduced empirically or through computer simulation. 



With reference again to FIG. 3, upper electrode 54 preferably comprises a metal such 
as aluminum or other known suitable conducting electrode material. Upper electrode 54 
includes a central gas conduit 64 open to upper surface 54U, and which prefa-ably branches 
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into a plurality of gas conduits 66a, 66b,..66n, each open to lower surface 54L and leading to 
interior 30. Also, electrode segments 62a-62d have upper surfaces 62aS-62dS, respectively. 

An insulator ring 70 surrounds outer edge 54E of upper electrode 54. Ring 70 may 
extend all the way up to upper wall 22, and not need be level with surfaces 60U or any other 
surface. Lower surface 70L of insulator ring 70 preferably rests on a ledge 26L formed on the 
interior of side wall 26, as shown. Insulator ring 70 is made of an insulating material such as 
ceramic, and electrically isolates upper electrode 54 from wall 26. Upper electrode 54 and 
electrode segments 62a-62d are spaced apart by controlled gaps Ga-Gd, respectively (only 
gaps Ga and Gb are shown FIG. 3 in cross-section). Gaps Ga-Gd are nominally 1 mm, but in 
a preferred embodiment are variable between 0.1 to 25 millimeters through the use of 
actuators 110, discussed in greater detail below, which move one or more of the electrode 
segments relative to the upper electrode. The lower limit on the size of gaps Ga-Gd is 
determined by the dielectric breakdown of the cooling fluid within the gaps. Because 
controlled gaps Ga-Gd are small as compared to the surface area of upper electrode 54 and 
segmented electrode 60, the two electrodes are capacitively coupled. 

An electrode chamber 72 is defined by upper surface 54U of upper electrode 54, 
insulator ring 70, chamber side walls 26, and chamber upper wall 22. With reference to FIG. 
3, a preferred embodiment for electrode assembly 50 includes a modular housing 74 
consisted of dielectric side walls 75 adjacent chamber wall 26, upper wall 22, and upper 
electrode 54, within which the electrode assembly is enclosed. Lower surface 54L of upper 
electrode 54 is exposed to interior region 30. As discussed in greater detail below, chamber 
72 serves to contain a cooling fluid that circulates around electrode segments 62a-62d. aiop 
upper electrode 54, and also in between controlled gaps Ga-Gd. Modular housing 74 allows 
the containment of cooling fluid at all times, which allows the entire module to be easily 
replaced without flushing the system of cooling fluid, for easy maintenance. 

The Segmented Electrode 

With reference to FIG. 4B, segmented electrode 60 includes four wedge-shaped 
segments 62a-62d, though, as discussed above, either more or fewer such segments, as well 
as differently shaped segments, could be used equally advantageously, as shown in FIGS. 4 A 
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and 4C. Segments 62a- 62d are separated from each other by a space 80 sufficient to 
substantially electrically isolate the segments from one another. 

In FIG, 4B, cross-section 3-3 coincides with the cross sectional view of segmented 
electrode 60 shown in FIG. 3. Segmented electrode 60 also preferably includes actuator sites 
88 for receiving actuators 110 (discussed below) in attaching the actuators to electrode 
segments 62a-62d. Two actuator sites per electrode segment are shown, but three or more 
such sites could be used, depending on the number of actuators employed. Each electrode 
segment 62a>62d includes a single contact 96 for an RF electrode segment feed (discussed 
below) for driving the electrode segment. A main RF feed (also discussed below) passes 
from outside chamber 20 to upper electrode 54 through a center clearance 100 of segmented 
electrode 60, with electrode segments 62a-62d being arranged around this center. 

With reference again to FIGS. 2 and 3, system 10 further includes actuators 1 1 0, such 
as piezoelectric transducers, fine lead screws, magnetostrictive devices, voice-coils, and the 
like. One end of each actuator 110 is connected to the upper surface 62aS-62dS of a 
respective one of electrode segments 62a-62d at a respective actuator site 88 (FIGS. 4A-4C). 
The opposite end of each actuator 1 1 0 is attached to upper wall 22 of electrode chamber 72. 
Actuators 110 cause the particular electrode segment or segments to move relative' to upper 
electrode 54. In this manner, one or more of controlled gaps Ga-Gd can be made smaller or 
larger, thus affecting the form of the RF electric field in interior region 30. 

In addition, system 10 includes electrode segment RF feeds 116a-116d which pass 
through coax insulators 118a-l 18d formed in upper wall 22 of electrode chamber 72 and are 
connected to upper surfaces 62aS-62dS at contacts 96, Likewise, main RF feed 120 passes 
through a coax insulator 11 Be in upper wall 22 of chamber 72 , and is connected to upper 
electrode 54. RF feed 120 has a central gas conduit 64 formed inside it so that gas can flow 
from a gas source located outside chamber 30 through the central gas conduit of upper 
electrode 54 and into chamber interior 30. RF feeds 116a-d and 126 are preferably round rod- 
shaped and fairly thick (5 to 25mm ). These feeds are surrounded by coax insulators 118a-e, 
which extend to the underside of upper wall 22. 
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With continuing reference to FIG. 2, system 10 further includes a wafer handling 
system and robotics system 140 in operative communication with plasma chamber 20. for 
placmg and removing substrates (i.e., wafers 40) onto and from substrate support member 34. 
Also included is a gas supply system 144 in pneumatic communication with chamber 20 via a 
gas supply line 145 connected to central gas conduit 64, for supplying gas to chamber interior 
30 to purge the chamber and to create the plasma. The particular gases included in gas 
supply system 144 depend on the application. However, for plasma etching applications gas 
supply system 144 includes such gases as chlorine, hydrogen-bromide, 
octafluorocyclobutane. and various other fluorocarbon compounds, etc.. and for chemical 
vapor deposmon applications, includes silane. ammonia, tungsten-tetrachloride. titanium- 
tetrachloride. and the like. 



15 



20 



25 



System 10 also includes an RF power supply system 154 electronically connected to 
upper electrode 54 via main RF feed 120. Also included in system 10 are RF power supply 
systems 156a-156d electronically comrected to electrode segments 62a.62d through electrode 
segment RF feeds 116a-116d. Each of RF power supplies 154 and 156a-156d comprise a 
signal generator 160, a gain stage (amplifier) 164, a phase shifter 166, a match network 170 
and a bandpass filter 172. Match network 170 comprises electronic circuitry that matches the 
output .mpedance of gain stage 164 (which is typically at 50Q) to the load impedance of (he 
plasma and electrodes (which are typically in the range of 1 -1 OQ). The bandpass filter 1 72 is 
set to pass the frequency of the RF drive signal of its associated segment electrode which in 
conjuncuon with match network 170. prevents power from other segments operating at 
different frequencies to be coupled back into said RF power supply systems 154 or 156a- 



156d 



Further mcluded in system 10 is a vacuum system 176 in pneumatic communication 
with chamber 20 via a vacuum line 178. Also mcluded is a coohng system 180 in fluid 
communication with electrode chamber 72 through chamber upper wall 22 via an input fluid 
bne 1821 and an output fluid hne 182o, for circulating cooling fluid 300 into and out of the 
30 electrode chamber. 
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System 10 also includes an actuator control system 184 in operative communication 
with actuators 110, for activating the actuators. In a preferred embodiment, actuators 1 10 are 
electronic (e.g., piezoelectric transducers), in which case actuator control system 184 is 
electrically connected to the actuators and actuates the actuators by an electronic signal. 
5 Actuator control system 1 84 is in operative communication with a main control system 1 184, 
discussed in greater detail below. 

System 10 further includes a RF control system 186 in electronic conununication with 
RF power supply systems 154 and 156a-156d, which is also in communication with main 
control system 1184. Main control system 1184 is also responsible for control of the gas 

10 supply system 144, vacuum system 176, wafer handling system 140, and cooling system 180. 
By controlling systems/controllers 144, 140, 180, 186, 184, 176, and numerous others not 
shown, main control system 1 1 84 controls the plasma processing of substrates 40 using 
system 10, as described below. An exemplar)' main control system 1184 is a[/'bomputer 
having a memory unit and a processor, such as a PENTIUM™ processor, as well as data 

15 acquisition and control capability. A suitable computer for control system 1184 is a DELL 
PRECISION WORKSTATION 610™ , available from Dell Corporation, Dallas, Texas. 

Operation of the Plasma Reactor System 

With continuing reference to FIGS. 2 and 3, the operation of plasma reactor system 10 
20 is now described. 

First, since the response of the plasma formed in interior region 30 to the field formed 
by electrode assembly 50 is non-linear, the process of using main control system 1184 to 
operate system 10 to achieve a desired plasma processing result preferably includes 

25 completing a design of experiments (DOE) set of tests from which a database 190, in 
electronic conmiunication with main control system 1184, is created. The DOE process is 
performed for a plurality of operating parameters, such as temperature T of cooling fluid 300, 
pressure P of interior region 30, the amount of RF power supplied to each electrode segment 
62a-62d and upper electrode 54, etc., over a range of operating conditions. The DOE process 

30 needs to be repeated if there are significant changes in the design of system 1 0. For example, 
if the number and/or shape of electrode segments 62a-62d are changed to accommodate 
different process requirements, the DOE process should be redone 
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The DOE process may include, for example, etching a set of bare (i.e. blanket) 
substrates, such as silicon wafers, under a variety of different etching conditions, including 
various settings of control gaps Ga-Gd, output powers of RF power supply systems 154 and 
156a-156d. and so on. Likewise, plasma deposition on bare substrates may also be 
performed. The topography of each substrate is then measured using known techniques. 
Substrate topography provides an indication of the unifonnity of the etch or deposition, 
which in turn, provides an indication of the uniformity of the plasma density profile, which is 
directly indicative of the RF electric field profile. This empirical information may be stored 
in database 190 as a look-up table. 

Database 190 may be stored in computer memory (which may be a part of main 
control system 1 1 84), and can be accessed through or by main control system 1 1 84 to provide 
data, such as described immediately above, that allows for the optimum parameter setting. 

A predetermined set of instructions (e.g., a computer program) is first loaded and 
stored in main control system 1184, which implements a user-defined recipe for plasma 
processing of substrate 40. Next, control system 1 1 84 sends a first electronic signal to wafer 
handling system 140 to initiate the loading and unloading of a substrate (wafer) 40 to and 
fix,m substrate support member 34. Substrate 40 serves as a lower electrode with respect to 
electrode assembly 50. Control system 1184 then sends a second electronic signal to gas 
supply system 144 to initiate purging of plasma chamber 20 with a purge gas {e.g., nitrogen) 
ftom gas supply system 144. Next, control system 1 184 generates a third electronic signal to 
vacuum system 176 to maintain a predetennined pressure in plasma chamber 20. Typical 
opei^g pressures in chamber 20 range from 1 to 100 mTorr, but may also significantly 
deviate ftom this range, depending on the plasma process. 

In the next step in the operation, control system 1184 sends a fourth electronic signal 
to gas supply system 144 to regulate the flow of gases from which a suitable plasma may be 
formed, such as those gases mentioned above, from gas supply system to plasma chamber 20. 
Next, control system 1184 sends fifth through eighth electronic signal to RF power supply 
systems 156a-156d, respectively, to provide RF power to electrode segments 60a-60d of 
segmented electrode 60. Next, control system 1184 sends a ninth electronic signal to RF 
power supply system 154 to provide RF power to upper electrode 54. This forms a 
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plasma 200 within interior 30 of plasma chamber 20. The spatial distribution of the RF 
electric field in plasma 200 depends on the capacitive coupling of the RF electric fields from 
segment electrodes 62a-62d to upper electrode 54, and then from upper electrode 54 to the 
plasma 200. The preferred frequency for RF power supply system 154 driving upper 
electrode 54 is 60 MHz, but the invention will work well at other frequencies, particularly 
higher ones. The driving frequency of segment electrodes 62a-62d is also preferably in the 
megahertz range, but need not the same as that of upper electrode 54, nor need be a harmonic 
of the upper electrode RF fi^quency. 



In the next step of the operation, based on information in database 190, control system 
1184 sends a tenth electronic signal to actuator control system 184 to activate actuators 110 
to adjust control gaps Ga-Gd to obtain a plasma density profile 202 that matches, or at least 
approaches, a desired plasma density profile. The desired plasma density profile' may be a 
uniform profile, or a non-uniform profile that provides a particular plasma processing 
characteristic, for example etch or deposition characteristic. The desired profile may be 
predetermined as an idealized one, or may be chosen from one of the plasma density profiles 
available based on the available operating conditions using information stored in 
database 190. Unlike the prior art segmented electrode 700 of FIG. 1 , the present electrode 
assembly controls the field in region 30 from upper surface 54U of upper electrode 54, rather 
than at a surface in contact with the plasma, so that electrode segments 62a-62d are not 
directly exposed to plasma 200. 

In arriving at forming a plasma density profile that approaches or matches a desired 
plasma density profile, it may be preferred, or even necessary, to process a test substrate, or 
multiple substrates, in the manner described above in forming database 190, to determine the 
state of the plasma. Once the state of the plasma is assessed through measuring the resultant 
test substrate or substrates, this state can be identified in database 190. This then provides 
direction as to setting the operating parameters of system 10 so that this measured plasma 
density profile is altered to match or approach the desired plasma density profile. In this 
case, after the test substrate or substrates are processed and evaluated, the above steps are 
repeated hi processing the substrate to be processed with the newly formed plasma density 
profile. 
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In the next step, control system 1184 sends an eleventh electronic signal to coohng 
system 180 so that the flow of cooling fluid through electrode chamber 72 is adjusted to 
maintain electrode assembly 50 at a controlled temperature during operation when processing 
the substrate. 

5 

When processing of substrate 40 is complete, control system 1184 sends a twelfth 
electronic signal to vacuum system 176, which adjusts the pressure of chamber 20 to a setting 
where wafer unloading is done. Finally, control system 1184 sends a thirteenth electronic 
signal to wafer handling system 140, which removes substrate 40 from reactor chamber 20. 

10 

Purpose of an Electrode Assembly with a Segmented Electrode 

The purpose of segmented electrode 60 in electrode assembly 50 of the present 
invention is to allow for compensation of RF field non-uniformities in interior region 30 due 
to the RF signal driving upper electrode 54. Such field non-uniformities resuU in plasma 
15 density profile non-uniformities, which result in etch, deposition, or other plasma process 
non-uniformities. RF field compensation is accomplished in the present invention by having 
a segmented electrode with, in a preferred embodiment, variable spacing with respect to an 
upper electrode that interfaces with the plasma. 

20 With reference now to FIG- 5, RF electric field U due to upper electrode 54 

determines the basic shape of the field. However, RF electric field U may be non-uniform 
and have, for example, a peak P in the middle, and dips (minima) M on either side of the 
peak. 

25 Segmented electrode 60 of the present invention compensates for deviations in RF 

electric field uniformity, producing either a uniform (i.e., "flat") field, or a field of a given 
shape. Since each of electrode segments 62a-62d (or, more generally, segments 62a-62n, as 
shown in FIG. 4A) resides above only a portion of substrate 40, each segment generates a 
field that primarily affects only a portion of the substrate. Thus, for example, using an 

30 electrode 60 shaped as in FIG 4B, each of electrode segments 62a-62d produces a RF electric 
field (e.g., electric fields A, B, associated with electrode segments 62a, 62b, in FIG. 5) with a 
relatively broad peak underneath the electrode in a region above substrate 40 located to one 
side of the vertical center line of electrode 60. This electric field contributes relatively little to 
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the field in a region above substrate 40 located at the opposite side of that center line. Use of 
symmetrically arranged electrode segments allows the broad peak from each electrode 
segment to be aligned with both of side dips M of field U from upper electrode 54. The 
combined RF electric field D from all of electrode segments, including upper electrode 54, is 
relatively smooth, and significantly smoother than any of the individual RF electric fields U, 
A or B, for example. Likewise, the corresponding RF magnetic field is smoother, and hence 
the plasma density profile is smoother. 

Segmented electrode 60 of the present invention has the capability to adjust the form 
of the RF electric field azimuthally as well as radially. Prior art segmented electrodes are 
typically made as concentric rings, which allow for only radial changes in the field. In the 
present design, correction of azimuthal field non-uniformity can be made by asymmetrically 
powering certain of electrode segments 62a-62d on opposite sides of segmented elScti-ode 60 
(FIG. 3B). Further, creation of field non-uniformity (either axisymmetric or non- 
axisymmetric) to achieve a desired etch, deposit or other plasma processing effect can be 
achieved by appropriately powering certain of the electrode segments. 

In a preferred embodiment of the present invention, the RF frequency at which 
electrode segments 62a, 62b... 62n (FIG. 4A) are driven is fixed. However, the amplitude 
and the phase of the drive frequency for each electrode segment can be independently 
controlled by adjusting electrode segment RF power supply systems 156a, 156b,...156n via 
electronic signals from control systems 1184 and 186. Consequently, the amplitude of the 
peak fields due to electrode segments 62a, 62b... 62n can be tuned to provide the desired RF 
electric field characteristics to achieve optimum etching, deposition, or other plasma 
processing performance. 

Changing the location of a peak in the RF electric field of a segment electrode 
requires frequency control. Phase and ampHtude control provide peak amplitude field 
control The amplitude and phase of the RF power provided to electrode segments 62a, 
62b,. ..62n by electrode segment RF power supply systems 156a, •156b,... 156n can be 
adjusted to create a non-uniform RF electric field. Such a field would be desirable in order to 
compensate for existing center-to-edge and/or azimuthal non-uniformities on the substrate 
arising from previous process steps. Accordingly, the present invention is capable of 
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providing control over the shape of the RF electric field to improve uniformity, or to shape 
the field for a particular purpose, whichever is needed. 

Frequency control of RF power supply systems 156a, 156b,... 156n in electronic 
communication with electrode segments 62a, 62b,... 62n allows the radial position of the peak 
location of segment electrode fields to be adjusted. Using a higher frequency also provides a 
sharper electrode segment field peak. A frequency sweep may also be used to broaden the 
field peak by moving the peak radially in time during processing. 

In the prior art, tunable output capacitors inside a match network are typically used to 
provide essential tuning capability so that the system can be property impedance matched. In 
the present invention, such output tunable c^acitors need not be part of match network 170 
in the above-described embodiment because their role may be taken over by segment 
electrodes and by controUing the degree of capacitive coupling in gaps Ga-Gd using 
actuators 110. 



Cooling System 

In conventional plasma reactors, there is a cavity inside the upper electrode that is 
filled with a fluid. The purpose of this fluid is to cool the electrode by circulating the fluid 
within the cavity. However, in the present invention, cooling fluid 300 (FIG. 3) is circulated 
in electrode chamber 72 atop upper surface 54U of upper electrode 54. This allows upper 
electrode 54 to be much thinner, since there is no need for a cooling cavity within the upper 
electrode itself Since cooling fluid 300 is flowed in controlled gaps Ga-Gd between 
electrode segments 62a-62d and upper surface 54U of upper electrode 54, the cooling fluid 
must be a dielectric. Fluid 300 thus also serves as a dielectric in the capacitors formed by 
electrode segments 62a-62d and upper electrode 54. In the present invention, cooling fluid is 
a liquid dielectric, such as a perfluorocarbon, e.g. 3M FC84, Galden HT 135, and the like. 

The use of a liquid dielectric for cooling fluid 300 and circulating the cooling fluid 
over upper surface 54U of upper electrode 54 allows the thickness of the upper electrode to 
be reduced by approximately 50%, to about 20 millimeters, or to whatever minimum 
thickness required to accommodate the gas distribution channels 64 and 66a-66n within the 
electrode. This greatly simpUfies the design, manufacturing, assembly and maintenance of 
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electrode assembly 50. Tliis thickness reduction in upper electrode 54 also allows lower 
surface 54L of upper electrode 54 exposed to plasma 200 to be adequately cooled, despite the 
lack of cooling channels in the upper electrode itself Also, since electrode segments 62a-62d 
are immersed in cooling fluid 300, there is no need for cooling lines and gas lines formed 
within the electrode segments. This allows the electrode segments to be made very thin (e.g., 
several millimeters), making it easier to cool them. 

Actuator Control System 

With reference now to FIG. 6, actuator control system 184 in electronic 
communication with actuators 1 10 can be operated in an open loop manner, but is preferably 
operated in a closed loop fashion, via the main control system 1184. This is because the 
dielectric properties of cooling fluid 300 exhibit a slight temperature dependence, and 
because of the general variabiHty of all other operating parameters of system 10. 
Accordingly, it is desirable to automatically compensate for the changes in the coupling 
impedance due to changes in temperature of cooling fluid 300 and other changes in system 
10. This capability is also especially important since the properties of cooling fluid 300 
change over time. Cooling fluid 300 needs to be periodically replaced, and the replacement 
cooling fluid may not have the exact same dielectric properties as the original. 

Main control system 1184 and actuator control system 184 can compensate for 
changes in the properties of cooling fluid 300 by changing the size of control gaps Ga-Gd. 
Furthermore, electrode segments 62a-62d act as controlled capacitors and may be involved in 
impedance matching of RF power supply systems 154 and 156a, 156b to the plasma load, as 
discussed above. Accordingly, electrode segments 62a-62d need to be controlled in a loop 
based on RF power delivered to the plasma load and plasma load impedance measurements 
on RF feed lines 116a-116d and 120, and other parameters such as chamber pressure, 
dielectric coolant fluid temperature, etc. 

The RF power delivered by RF power supply systems 154 and 156a-156d is sensed by 
conventional RF power and impedance sensors 328 mounted on RF feeds 120 and 116a- 
116d, respectively. RF power and impedance measurements are fed via signal lines 332 to 
main control system 1 184. Also, main control system 1 184 is fed information, in the form of 
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electronic signals, about chamber pressure via sensor and signal line 336, and dielectric 
cooling liquid temperature via sensor and signal line 334. These signals, and others not 
shown in FIG. 6, are compared by main control system 1184 to operating parameter set- 
points determined for the plasma process being performed (e.g. via DOE explained 
previously, and stored in database 190), and control signals are issued to the various control 
subsystems if a discrepancy is being detected. In this manner, closed loop control is earned 
out. 



Among the subsystems being controlled by main control system 1184 is RF control 
system 186, which in turn controls the RF power output and phase of RF power supply 
systems 154 and 156a-156d. The control of power output is achieved by adjusting the gain of 
RF amplifier 164 included in each RF power supply system 154 and 156a-156d, while the 
phase is controlled by adjusting the setting of phase shifter 166 (e.g. see FIG 2). In the case of 
a variable frequency supply (e.g. for moving the RF electric field peaks as explained before), 
main control system 1 184 also controls the fi-equency by setting the RF frequency of signal 
generator 160. Also controlled is the capacitive coupling from segment electrodes 62a-62d to 
upper electrode 54 via actuator control system 184 and electrode actuators 110. Actuators 
110 act to control gaps Ga-Gd between the segment and upper electrodes. Two or more 
actuators 110 associated with the same electrode segment 62a-62d may be controlled by a 
signal supplied by a single control signal line 326 so that they are being actuated 
simultaneously and both displace their associated elecfrode segment by the same distance of 
travel (i.e. the segment electrodes remain parallel to the upper electrode 54). Alternatively, 
each of the two actuators associated with the same electrode segment may be controlled by a 
signal supplied by a separate control line 326. This will allow the two actuators to displace 
their associated electrode segment by different distances of travel, allowing each electrode 
segment to be inclined to the horizontal and thus providing an additional capacitive coupling 
control variable. 



With reference to FIG. 7, a second block schematic diagram of actuator control 
system for the actuators is shown, wherein T = temperature, Z = impedance, RF PWR = RF 
power, and P = pressure. As described above in connection with the operation of systan 10, 
the operation of actuator control system reHes on information fix)m design experiments stored 
as data in database 190. 
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Accordingly, with continuing reference to FIG. 7 and also again to FIG. 6, in 
operation, the process of controlling actuators 110 includes the steps of: (1) sensing the 
dielectric cooling liquid 300 temperature T, and pressure P of chamber 20, and sending this 
information via first and second electronic signals to the main control system 1 184; (2) 
sensing the plasma load impedance 2, and delivered RF power RF PWR of the RF signal at 
each of electrode segments 62a-62d and upper electrode 54, and sending this infomiation in 
the form of additional electronic signals to the main control system 11 84; (3) looking up the 
appropriate response in database 190, based on parameters determined for the process being 
run; and (4) adjusting actuators 110 via electronic signals from actuator control system 184 
(or alternatively, adjusting the RF power supply systems 154 and 156a-156d via eledfronic 
signals from RF control system 186) so as to create the desired plasma profile that provides 
the desired process result. ;;i?4,..7 

Electrode Assembly Vacuum Seals 

With reference again to FIG. 3, in the present design, upper electrode 54 is made of a 
single piece of metal, so only two vacuum seals VI and V2 are required to seal electrode 
assembly 50. Vacuum seals VI and V2 are, for example, o-rings. Seal VI is placed on ledge 
26L formed in chamber wall 26 on the interior 30 side. Ledge 26L also supports insulator 
ring 70. Seal V2 is placed between insulator ring top surface 70S and modular housing 
dielectric side wall 75. The reduced number of vacuum seals associated with electrode 
assembly 50 makes system 10 more resistant to failure, and allows for the assembly to be 
easily maintained. 

Electrode Assembly with Corrugated Electrodes 

As described above, the coupling between segment electrode 60 and upper electrode 
54 is capacitive. With the surfaces of both electrodes being planar, the capacitance 
(neglecting fringe field effects) is approximated by a parallel plate capacitor, whose 
capacitance is given by C = eA/d, where e is the dielectric constant for the material between 
the upper and lower plates of the capacitor, A is the total area of electrode segments 62, and d 
is the distance between the plates. The capacitive coupling can be increased by bringing the 
plates toward each other. However, to do so would increase the risk of high voltage 
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breakdown of the dielectric between the plates. There is also a risk of vibration causing the 
capacitance to vary significantly, since at small gap sizes, the system becomes extremely 
sensitive to small gap changes, (e.g., if a gap Ga is greater than a gap Gb, and if the variation 
in the gap distance is 5, then the effect on the capacitance of Ga + 5 versus Gb + 5 is less.) 

5 

The ahemative to reducing the gap between electrodes (plates) to change the 
capacitive coupling is to change the capachor area A. In the present invention, simply 
increasing the planar area of segment electrode 60 may be possible, but doing so affects the 
overall shape of the RF electric field associated with the segment electrode, and so it is not a 

10 preferred option. However, with reference to FIG. 8 and electrode assembly 400 shown 
therein, by changing the area of lower surface 60L of segment electrode 60 and the upper 
surface 54U of upper electrode 54 by adding corrugations 402 with spaces 404 to the 
segmented electrode to form a corrugated segmented electrode 406, and adding corrugations 
410 with spaces 412 to the upper electrode to form a corrugated upper electrode 414, a 

15 significant increase in capacitor area can be realized. Corrugations 402 and 410 are offset so 
that spaces 404 are aligned with corrugations 410 and corrugations 402 are aligned with 
spaces 412. The latter are sized to be slightly larger than corrugations 402, i.e., the width of 
corrugations 402 is sHghtly less than the width of spaces 412. 

20 The resulting increase in capacitor area brings a significant decrease in the sensitivity 

of the capacitance to small changes of the mean size, G~of controlled gaps Ga-Gd between 
comigated segmented electrode 406 and corrugated upper electrode 414. This makes system 
10 easier to control and makes electrode assembly 400 more immune to vibration. 

25 In a preferred embodiment of electrode assembly 400, actuators 110 may protrude 

into certain of corrugations 402 and be attached to the electrode at or near the bottom of the 
corrugations. This allows for use of larger actuators 110 having a longer stroke, such as a 
piezoelectric stack transducer. This is an important feature, since long stroke actuators are 
desirable, but also typically require more space than is available. Here, corrugations 402 

30 provide adequate space for such a long stroke actuator. 
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Accordingly, electrode assembly 400 having corrugated segmented electrode 406 
solves the same problems a5; electrode assembly 50 having (planar) segmented electrode 60, 
described above. In addition, electrode assembly 400 has increased capacitive coupling by 
virtue of an increased capacitance area, and hence more control of plasma uniformity, but still 
5 without undue sensitivity to the size of controlled gaps Ga-Gd, which would result in lower 
system reliability. The present embodiment also provides for better cooling of electrode 
assembly 400 than electrode assembly 50, since the electrode area exposed to cooling fluid 
300 is larger and the gap where fluid is circulating is larger. 

Electrode Assembly with Segmented Electrodes without Actuators 

With reference now to FIG. 9, there is shown an electrode assembly 450'^with a 
segmented electrode 460 with electrode segments 462a and 462b visible in cross-section. 
Electrode assembly 450 is of an alternative embodiment of electrode assembly 50 -dtescribed 
above and is similar thereto but for the absence of actuators 110 and the corresponding 
actuator control system 184. In the present embodiment, control over plasma 200 is achieved 
via adjustment of RF power delivered firom external RF power supplies 154 and 156a-156d,. 
in a manner similar to that described above in connection with segmented electrode 60. 
While electrode assembly 450 lacks the flexibility of electrode assembly 50, it provides a 
good alternative for specialized plasma processing applications, particularly where low cost is 
more important than high performance. Electrode assembly 450 solves the basic problems as 
electrode assembly 50 discussed above in connection with the preferred embodiment, but 
does so over a narrower range of operating conditions. . 

Electrode Assembly with Segmented Electrode and Liquid and/or Solid Dielectric 
25 With reference now to FIG. 10, there is shown a portion of an electrode assembly 500 

according to the present invention, in which the dielectric in one or more of controlled gaps 
Ga-Gd (only Ga is shown in cross-section) includes a combination of a solid dielectric layer 
510 and a liquid dielectric 520, the latter preferably in the form of cooling fluid 300. The 
present embodiment of electrode assembly 500 is described in combination with (planar) 
30 segmented electrode 60, though cormgated segmented electrodes 406 or 460 could also be 
used. 
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Dielectric layer 510 can be affixed to or supported by upper surface 54U of upper 
electrode 54, or affixed to segmented electrode 60. In the case where dielectric 510 is 
attached to upper electrode 54, as shown in FIG 10, the preferred form of dielectric layer 510 
is an annular disc having a center edge 5 IOC and an outer edge 510E, both of radii equal to 
radii of center and outer edges of the segmented electrode, 60C and 60E, respectively. Where 
dielectric 510 is attached to the segment electrode 60, its shape and size are the same as the 
segment electrode itself Dielectric layer 510 can be made of any of a wide variety of 
dielectric materials, such as AljOj, polyimide, quartz, PTFE (Teflon), Rexolite, etc. Subject 
to the constraint of allowing sufficient range of motion of segmented electrode 60 via 
actuators 110, various sized dielectric layers 5)0 having different thicknesses and dielectric 
constants can be used and interchanged to achieve a desired capacitance range. In the case of 
segmented electrode 460 in which the electrode segments are not movable, dielectric layer 
510 can fill the entirety of gaps Ga-Gd. In this case, controlled gaps Ga-Gd can be made as 
small as 50 microns. The inclusion of a solid dielectric provides an additional level of 
protection from voltage breakdown since the aforementioned solid dielectric materials 
typically have higher breakdown voltages than liquid dielectrics. 

Maintenance of the segmented electrode 

With reference again to FIGS. 2 and 3, segmented electrode assembly 50 is, in a 
preferred embodiment, entirely enclosed within modular housing 74 that is readily removable 
from plasma chamber 20. This allows for easy field maintenance of plasma processing 
system 10. The preferred method of maintaining system 10 involves replacing a first 
electrode assembly 50 in its entirety (i.e., as a module) with a same or different (i.e., second) 
assembly (module) 50. The electrode assemblies 50 are preferably calibrated during 
construction, e.g., at the factory. A number of electrode assemblies 50 with various numbers 
of segment electrodes and calibrations can be interchanged in system 10 to accommodate 
various processes. 



Consider, for example, the situation where a new process calling for a second plasma 
density profile different than a first plasma density profile is to be carried out using system 
10. Using the present invention, the existing (first) electrode assembly 50 for producing the 
first plasma density profile can be removed and replaced with a second electrode assembly 
designed and calibrated for the new process associated with a second plasma density profile. 
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This eliminates an end-user having to perfoim reconfigurations and recalibrations of system 
10. Here, the first and second plasma density profiles can be the same or differ substantially 
from one another. In addition, the rwo process associated with the first and second plasma 
density profiles can be carried out on first and second wafers, or the same wafer (i.e., the first 
and second wafers can be the same wafer). 

In a preferred embodiment of system 10 incorporating modular housing 74, replacing 
segmented electrode assembly 50 involves breaking only one vacuum seal (namely, vacuum 
seal VI) when removing the assembly from plasma chamber 20. Having electrode assembly 
50 be so easily removable reduces the likelihood of a vacuum leak after removal and 
replacement of the electrode assembly. This is favorably compared to prior art segmented 
electrode system 700 in FIG. 1, where many more vacuum seals would need to be broken to 
replace the electrode assembly. Furthermore, in system 1 0 of the present inveniion,' there is 
only one process gas line 145 and two cooling fluid lines, 182i and 182o, that need to be 
disconnected, further reducing the likelihood of a system malfunction following the 
installation of a new (second) segmemed electrode assembly 50. A new operating parameter 
data set for database 190 should also be provided with the new (second) electrode assembly, 
and should be installed in main control system 11 84, so that processing system 10 could be 
optimally operated with the new (second) electrode assembly 50. 

The many features and advantages of the present invention are apparent from the 
detailed specification and thus, it is intended by the appended claims to cover all such 
features and advantages of the described method which follow in the true spirit and scope of 
the mvention. Further, since numerous modifications and changes will readily occur to those 
of ordinary skill in the art, it is not desired to limit the invention to the exact construction and 
operation illustrated and described. Moreover, the method and apparatus of the present 
mvention, like related apparatus and methods used in the semiconductor arts that are complex 
m nature, are often best practiced by empirically determining the appropriate values of the 
operating parameters, or by conducting computer simulations to arrive at best design for a 
given application. Accordingly, all suitable modifications and equivalents should be 
considered as falling within the spirit and scope of the invention. 
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What is claimed is: 

.1. An electrode assembly for providing a controlled RF electric field profile 
within a region capable of supporting a plasma, comprising: 

a) an upper electrode having a lower surface, an upper surface and an outer edge, 
wherein the region capable of supporting a plasma is adjacent said upper electrode lower 
surface; and 

b) a segmented electrode arranged proximate to said upper electrode upper 
surface, comprising two or more separated electrode segments each having an upper and 
lower surface, each of said electrode segments being spaced apart from said upper electrode 
upper surface by a corresponding controlled gap. 

2. An electrode assembly according to claim L further including one or more 
actuators attached to one or more electrode segments at said upper surface of said one or 
more electrode segments, for moving said one or more electrode segments to adjust one or 
more of said controlled gaps. 

3. An electrode assembly according to claim 2, wherein said actuators are 
piezoelectric transducers. 

4. An electrode assembly according to claim I, further including first 
corrugations and first spaces on said lower surfaces of said electrode segments, and second 
corrugations and second spaces on said upper surface of said upper electrode, wherein said 
first corrugations are aligned with said second spaces. 

5. An electrode assembly according to claim 2, fiuther including first 
corrugations and first spaces on said lower surfaces of said electrode segments, and second 
corrugations and second spaces on said upper surface of said upper electrode, wherein said 
first corrugations are aligned with said second spaces. 

6. An electrode according to claim 4 or 5, wherein said second spaces are sized 
shghtly larger than said first corrugations. 
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7. An electrode assembly according to claim 5, wherein said one or more 
actuators protrude into corresponding one or more first corrugations. 

8. An electrode assembly according to claim 2, further including an actuator 
controller system electronically connected to said one or more actuators, for controlling said 
actuators. 

9. An electrode assembly according to claim 8, further including one or more 
segment electrode RF power supply systems electronically connected to said oneor more 
segment electrodes through respective one or more segment electrode RF feeds. 

10. An electrode assembly according to claim 9, further including a main RF 
power supply system electronically connected to said upper electrode through a ™air. RF 
feed. 

11. An electrode assembly according to claim 10, further including an RF control 
system electronically connected to said upper electrode and one or more segment electrode 
RF power supply systems. 

12. An electrode assembly according to claim 1 1, further including a main control 
system electronically connected to said actuator and RF control system. 

13. An electrode assembly according to claim 12, further including a pressure 
sensor in the chamber and a temperature sensor on the segmented electrode assembly, both 
electronically connected to said main control system. 

14. An electrode assembly according to claim 13, further including a database 
electronically connected to said main control system, containing information pertaining to a 
plurality of parameter values corresponding to a variety of plasma density profiles. 

15. An electrode assembly according to claim 10 wherein said main RF power 
supply system and said two or more electrode segment RF power supply systems include a 
signal generator, a gain stage, a phase shifter, a match network, and a bandpass filter. 
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16. An electrode assembly according to claim 1, 2, 4 or 5, further including an 
insulator ring surrounding said outer edge of said upper electrode. 

17. An electrode assembly according to claim 1, 2, 4 or 5, further including a 
modular housing enclosing said two or more electrode segments and said outer edge, said 
modular housing having dielectric side walls, and an upper wall, which in combination with 
said upper surface of said upper electrode define an electrode cavity containing a dielectric 
cooling fluid which is circulated around said electrode segments, over said upper surface of 
said upper electrode, and through said controlled gaps. 

18. An electrode assembly according to claim 1, 2, 4 or 5, wherein one or more of 
said controlled gaps includes a solid dielectric layer. 

19. An electrode according to claim 1, wherein one or more of said controlled 
gaps includes a solid dielectric layer that fills the entirety of said one or more controlled gaps. 

20. An electrode assembly according to claim 1, 2, 4 or 5, as arranged in a plasma 
chamber having sidewalls and an interior region with an insulator ring arranged within the 
interior region adjacent the sidewalls, the electrode assembly further including a modular 
housing enclosing said two or more electrode segments and said outer edge and said upper 
surface of said upper electrode, and also including no more than two vacuum seals, with a 
first vacuum seal arranged between said insulator and said chamber sidewall, and a second 
vacuum seal arranged between said insulator and said modular housing. 

21. An eleictrode assembly according to claim 1, 2, 4 or 5, wherein said two or 
more electrode segments are wedge-shaped and symmetrically arranged in a plane. 

22. An electrode assembly according to claim 21, wherein the number of wedge- 
shaped electrode segments is four. 

23. An electrode assembly according to claim 1, 2, 4 or 5, wherein said two or 
more electrode segments are circular-shaped. 
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24. An electrode assembly according to claim 1, 2, 4 or 5, wherein said upper 
electrode includes a gas conduit leading from said upper electrode upper surface to one or 
more gas injection holes on said upper electrode lower surface. 

25. A plasma reactor system comprising: 

a) a plasma chamber having a lower wall and sidewalk; 

b) a substrate support member having a support surface for supporting a 
substrate, arranged adjacent said lower wall; and 

c) an electrode assembly according to claim 1 or 4, arranged adjacent said 
substrate support member and within said chamber sidewalls such that said lower surface of 
said upper electrode and said substrate surface are substantially parallel and form, in 
combination with said chamber sidewalls, an inrerior region capable of containing a plasma. 

26. A plasma reactor system according to claim 25, further including a cooling 
system in fluid communication with said electrode assembly, for flowing fluid through said 
electrode assembly. 

27. A plasma reactor system according to claim 26, further including a vacuum 
system in pneumatic communication with said interior region, for regulating the pressure of 
said interior region. 

28. A plasma reactor system according to claim 27, further including: 

a) two or more electrode segment RF power supply systems electronically 
connected to respective said two or more electrode segments; and 

b) a main RF power supply system electronically connected to said upper 
electrode. 

29. A plasma reactor system according to claim 28, wherein said two or more 
electrode segment RF power supplies systems and said main RF power supply system each 
mclude a frequency generator, a gain stage, a phase shifter, a match network, and a bandpass 
filter. 



wo 01/52302 



PCT/USOl/00120 



29 

30. A plasma reactor system according to claim 28, further including a gas supply 
system in pneumatic communication with said interior region, for supplying gas to said 
interior region. 

31. A plasma reactor system according to claim 30, further including a wafer 
handling system in operative communication with said plasma chamber, for placing and 
removing substrates onto and from said substrate support member. 

32. A plasma reactor system according to claim 31, further including a main 
control system electronically connected to said cooling system, said vacuum system, said two 
or more electrode segment RF power supply systems, said main RF power supply system, 
said gas supply system and said wafer handling system, for controlling said cooling system, 
said vacuum system, said two or more electrode segment RF power supph' systems, said 
main RF power supply system, said gas supply system and said wafer handling system 
through electronic signals generated by said main control system. 

33. A plasma reactor system comprising: 

a) a plasma chamber having a lower wall and sidewalk; 

b) a substrate support member having a support surface for supporting a 
substrate, arranged adjacent said lower wall; and 

c) an electrode assembly according to claim 2 or 5, arranged adjacent said 
substrate support member and within said chamber sidewalls such that said lower surface of 
said upper electrode and said substrate surface are substantially parallel and form, in 
combination with said chamber sidewalls, an interior region capable of containing a plasma. 

34. A plasma reactor system according to claim 33, further including a cooling 
system in fluid communication with said electrode assembly, for flowing fluid through said 
electrode assembly. 

35. A plasma reactor system according to claim 34, further including a vacuum 
system in pneumatic communication with said interior region, for regulating the pressure of 
said interior region. 
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36. A plasma reactor system according to claim 35, further including: 

a) two or mon; ele'jtrode segment RF power supply systems electronically 
connected to respective said tv^^o or more electrode segments; and 

b) a main RF power supply system electronically connected to said upper 
electrode. 

37. A plasma reactor system according to claim 36, wherein said two or more 
electrode segment RF power supply systems and said main RF power supply system each 
include a frequency generator, a gain stage, a phase shifter, a match network, and a bandpass 
filter. 

38. A plasma reactor system according to claim 36, further including a gas supply 
system in pneumatic communication with said interior region, for supplying gas .:io said 
interior region, 

39. A plasma reactor system according to claim 38, further including an actuator 
controller system in operative communication with said one or more actuators. 

40. A plasma reactor according to claim 39, wherein said one or more actuators 
are electronic actuators electrically connected to said actuator controller system. 

41. A plasma reactor system according to claim 40, further including a wafer 
handling system in operative communication with said plasma chamber for placing and 
removing substrates onto and from said substrate support member. 

42. A plasma reactor system according to claim 41, fiirther including a main 
control system electronically connected to said cooling system, said vacuum system, said two 
or more electrode segment RF power supply systems, said main RF power supply system, 
said gas supply system, said actuator controller system and said wafer handling system, for 
controlling said cooling system, said vacuum system, said two or more electrode segment RF 
power supply systems, said main RF power supply system, said gas supply system, said 
actuator controller system and said wafer handling system through electronic signals 
generated by said main control system. 
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43. A method of adjusting a plasma density profile of a plasma contained in an 
interior region of a plasma reactor, so as to cause the plasma density profile to match or 
approach a desired plasma density profile, the method comprising the steps of: 

a) providing, adjacent the interior region, an electrode assembly having an upper 
electrode with an upper and lower surface, with the upper electrode lower surface facing the 
interior region, and two or more electrode segments arranged adjacent to the upper electrode 
upper surface so as to capacitively couple with the upper electrode, said two or more 
electrode segments being independently movable relative to said upper electrode upper 
surface; 

b) operating the plasma reactor and creating a database containing information 
relating to a plurality of parameters associated with a plurality of operating conditions 
corresponding to a plurality of different plasma density profiles; 

c) determining the plasma density profile by operating the plasma reactor to 
expose a substrate to the plasma and measuring the effect of the plasma on the substrate; 

d) using the database of said step b), comparing said determined plasma density 
profile in said step c) to the desired plasma density profile; and 

e) altering said determined plasma density profile to approach the desired plasma 
density profile by moving one or more electrode segments. 

44. A method according to claim 43, wherein said step c) of determining a plasma 
density profile includes etching a substrate with the plasma and measuring the etch properties 
of the substrate. 

45. A method according to claim 43, wherein said step c) of determining a plasma 
density profile includes plasma depositing a material on a substrate with the plasma and 
measuring a deposition profile on the substrate. 

46. A method according to claim 43, wherein said step b) includes blanket etching 
a plurality of substrates and measuring the effect of the etch on the substrates. 
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47. A method according to claim 43, wherein said step b) includes blanket 
deposition on a plurality of substrates and measuring the effect of the deposition on the 
substrates. 



48, A method of processing a substrate with a plasma having a plasma density 
profile approaching a desired plasma density profile, comprising the steps of: 

a) providing the plasma reactor chamber of claim 25; 

b) providing one or more plasma gases into the interior region; 

c) providing RF power to the upper electrode and to the. two or more electrode 
segments so as to form the plasma having an associated first plasma density profile in the 
interior region; 

d) measuring said first plasma density profile; 

e) adjusting one or more of the two or more electrode segments relative'^'fo the 
upper electrode so as to alter the plasma density profile to form a second plasma density 
profile that matches or approaches the desired plasma density profile; 

f) placing a substrate in the interior region onto the substrate support member; 

and 

g) processing the substrate with said second plasma density profile, 

49. A method according to claim 48, wherein said measuring of said first plasma 
density profile in said step d) is accomplished by performing one of blanket plasma etching 
and blanket plasma deposition of a bare substrate, and measuring the effect on the substrate. 

50. A method of processing a substrate with a plasma having a plasma density 
profile approaching a desired plasma density profile, comprising the steps of: 

a) providing the plasma reactor chamber of claim 33; 

b) providing one or more plasma gases into the interior region; 

c) providing RF power to the upper electrode and to the two or more electrode 
segments so as to form the plasma having an associated first plasma density profile in the 
interior region; 

d) measuring said first plasma density profile; 
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e) adjusting one or more of the two or more electrode segments relative to the 
upper electrode so as to alter the plasma density profile to form a second plasma density 
profile that matches or approaches the desired plasma density profile; 

f) placing a substrate in the interior region onto the substrate support member; 

and 

g) processing the substrate with said second plasma density profile. 

51. A method according to claim 50, wherein said measuring of said first plasma 
density profile in said step d) is accomplished by performing one of blanket plasma etching 
and blanket plasma deposition of a bare substrate, and measuring the effect on the substrate. 

52. An electrode assembly according to claim 15, wherein said segmented 
electrode is an output capacitor of said match network. 

53. A method of plasma processing first and second substrates with first and 
second plasma density profiles firom first and second electrode assemblies, respectively, 
comprising the steps of: 

a) providing the plasma reactor chamber of claim 25, wherein said electrode 
assembly included therein is a first electrode assembly; 

b) processing the first substrate using said plasma reactor chamber having a first 
plasma density profile associated with said first electrode assembly; 

c) replacing said first electrode assembly with a second electrode assembly 
associated with a second plasma density profile; and 

d) processing the second substrate using said plasma reactor chamber and said 
second plasma density profile. 

54. A method according to claim 53, wherein said first plasma density profile and 
said second plasma density profile differ substantially fi-om one another. 

55. A method according to claim 53, wherein said first and second substrate are 
the same substrate. 
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56. A method of plasma processing first and second substrates with first and 
second plasma density profiles fi-om first and second electrode assemblies, respectively, 
comprising the steps of: 

a) providing the plasma reactor chamber of claim 33, wherein said electrode 
assembly included therein is a first electrode assembly; 

b) processing the first substrate using said plasma reactor chamber having a first 
plasma density profile associated with said first electrode assembly; 

c) replacing said first electrode assembly with a second electrode assembly 
associated with a second plasma density profile; and 

d) processing the second substrate using said plasma reactor chamber and said 
second plasma density profile. 

57. A method according to claim 56, wherein said first plasma density profile and 
said second plasma density profile differ substantially fi-om one another. 

58. A method according to claim 56. wherein said first and second substrate are 
the same substrate. 



59. A system according to claim 25, wherein said electrode assembly is a first 
modular electrode assembly that is removable and capable of being replaced with a second 
modular electrode assembly. 



60. A system according to claim 33, wherein said electrode assembly is a first 
modular electrode assembly that is removable and capable of being replaced with a second 
modular electrode assembly. 
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